Abstract: This paper evaluates a physics-based analytical model in the prediction of machining temperature of AISI 1045 steel and AISI 4340 steel. The prediction model was developed based on the Johnson-Cook constitutive model (J-C model) and mechanics of the orthogonal cutting process. The average temperatures at two shear zones were predicted by minimizing the difference between calculated stresses using the J-C model and calculated stresses using the mechanics model. In this work, (1) the influence of input Johnson-Cook model constants, cutting force, and chip thickness on the accuracy of predictions are investigated with sensitivity analyses, in which multiple sets of available J-C constants and varying cutting force and chip thickness are used for the temperature prediction in machining AISI 1045 steel. The larger the input deviation, the larger prediction deviation. The temperature at the primary shear zone is more susceptible to the deviation of inputs than the temperature at the secondary shear zone. (2) The machining temperatures are also predicted in machining AISI 4340 steel using cutting tools with various specifications to demonstrate its predictive capability. Good agreements are observed upon validation to available experimental data in the literature. (3) Lastly, the advantage and limitation of the temperature model are discussed with comparison other analytical temperature models. Considering the reliable and easily measurable input requirements and sufficient predictive capability, this temperature model can be employed for effective and efficient machining temperature prediction.
Introduction
Machining is an important manufacturing methodology because of its precision, fast processing speed, and applicability to a broad class of materials. Conventional machining processes and non-conventional machining processes such as laser-assisted machining [1] and electrically assisted machining [2] [3] [4] have been widely used to transform bulk materials into products with desired geometry and functionality. Elevated temperature in conventional machining has a negative influence on tool performance, tool life, and the quality of machined parts because it softens tool materials and increases diffusion. It is well-known that the plastic deformation at the primary shear zone (PSZ) and the friction at the tool-chip interface (secondary shear zone or SSZ) are two principal heat sources in orthogonal cutting. Previous works have made considerable progress in modeling the temperature distribution in the machining process. Experimental approaches, numerical approaches, and analytical approaches have been developed in the past.
In this work, (1) the influence of input J-C constants, cutting force, and chip thickness on the accuracy of temperature prediction is investigated. Sensitivity analyses are performed to predict temperatures in machining AISI 1045 steel, in which multiple sets of available J-C constants, varying cutting force, and varying chip thickness are used. ( 2) The capability of the presented model is further investigated to predict temperatures in machining AISI 4340 (Sweden Grade SS2541) steel using cutting tools with various edge micro-geometries and coatings. ( 3) The advantages and limitations are discussed based on model input, output and assumptions, implementation issue, and predictive capability. The presented model is compared to other widely used analytical models in the machining process including Oxley's chip formation model and Komanduri's temperature model considering two heat sources. Predicted temperatures are validated by comparing to documented values adopted from literature. Moreover, machining forces and tool wear can be further investigated with available temperatures at two shear zones.
Methodology
The presented temperature model is developed based on J-C model and mechanics of the cutting process as illustrated in Figure 1 . The equivalence between calculated stresses using J-C model and calculated stresses using cutting mechanics yields the estimation of machining temperatures at PSZ and SSZ. Cutting condition parameters (cutting velocity V, the width of cut w, the depth of cut t 1 , tool face rake angle α), J-C model constants (A, B, C, m, n), cutting force (F c ) and chip thickness (t 2 ) are given as inputs. The reliable and easily measurable cutting force and chip thickness can be obtained by using a piezoelectric dynamometer and a micrometer respectively [32] . 
The presented temperature model is developed based on J-C model and mechanics of the cutting process as illustrated in Figure 1 . The equivalence between calculated stresses using J-C model and calculated stresses using cutting mechanics yields the estimation of machining temperatures at PSZ and SSZ. Cutting condition parameters (cutting velocity V, the width of cut w, the depth of cut t1, tool face rake angle α), J-C model constants (A, B, C, m, n), cutting force ( ) and chip thickness ( ) are given as inputs. The reliable and easily measurable cutting force and chip thickness can be obtained by using a piezoelectric dynamometer and a micrometer respectively [32] . [24] . J-C model is a semi-empirical constitutive model, which calculates materials flow stress with consideration of strain hardening effect, strain rate hardening effect and thermal softening effect. It is widely used in analytical modeling of force, temperature and residual stress in the machining process. The J-C model is expressed as
where the five material constants A, B, c, n, m are the yield stress, the strength coefficient, the strain rate coefficient, the strain hardening coefficient, and the thermal softening coefficient respectively. The shear angle (φ) is directly calculated from the chip compression ratio (r) with the assumption of the constant material flow rate at the chip formation area (t 1 V = t 2 V c ) as
where V, V c are cutting velocity and chip velocity respectively; t 1 and t 2 are the depth of cut and chip thickness respectively. The shear flow stress at the PSZ can be calculated using the cutting mechanics (k AB ) and J-C model with von Mises yield criterion (k AB ) separately as
The average temperature at PSZ (T AB ) is determined by minimizing the difference between the shear flow stress (k AB ) and the shear flow stress (k AB ).
The flow stress at the SSZ can also be calculates using the cutting mechanics (τ int ) and J-C model with von Mises yield criterion (k int ) separately as
The average temperature at the SSZ (T int ) is determined by minimizing the difference between the shear flow stress (τ int ) and the shear flow stress (k int ). Details of the calculations of strains (ε), strain rates ( . ε), lengths of the shear zones (l AB ; h) at PSZ and SSZ and the strain rate constants (C 0 and δ) can be found in previous work [24] .
The influence of input J-C constants, cutting force, and chip thickness on the accuracy of temperature prediction is investigated using sensitivity analyses in machining AISI 1045 steel. First, machining temperatures are predicted using multiple sets of available J-C constants adopted from literature. Second, machining temperatures are predicted using varying cutting forces up to ±30% with the cutting condition and other variables remaining the same. Third, machining temperatures are predicted using varying chip thickness ±30% with the cutting condition and other variables remaining the same. The predicted temperatures are validated to the documented values in the literature.
The capability of the presented model is investigated with temperature predictions in machining AISI 4340 steel using cutting tools (inserts) with various specifications. Experimental data and cutting tool specifications are adopted from literature, in which five cemented carbide cutting inserts are used in the orthogonal cutting tests. The predicted temperatures are validated to the available experimental values in the literature.
The advantages and limitations of the presented model are discussed in terms of assumptions, inputs, outputs, and implementation issues with a comparison to other machining predictive models including chip formation model and temperature model based on two heat sources.
Results and Discussion
In this work, the presented model was employed to predict the average temperatures at PSZ and SSZ in machining AISI 1045 steel and AISI 4340 steel. The machining temperatures were predicted in orthogonal cutting of AISI 1045 steel under various cutting conditions. The influence of input J-C constants, cutting force, and chip thickness on the prediction accuracy was investigated in machining AISI 1045 steel. The model capability was investigated in the machining AISI 4340 steel using cutting tools with various specifications. The advantages and limitations of the presented were discussed in terms of assumptions, inputs, outputs, and implementation issued with a comparison to other commonly used analytical machining models.
The average temperatures at PSZ and SSZ in orthogonal machining of AISI 1045 steel were predicted under various cutting conditions as given in Table 1 . J-C constants of AISI 1045 steel obtained from Split Hopkinson Pressure Bar tests were used in the prediction as given in Table 2 . The machining forces and temperatures were adopted from literature [32] . The machining forces were validated with experimental forces and good agreements were observed. The machining temperatures were validated with experimental force comparisons because the temperatures were intermediate variables in predicting machining forces. Table 1 . Cutting conditions and machining forces in orthogonal machining of AISI 1045 steel.
Material
Test The predicted temperatures using the presented model and documented temperatures are given in Table 3 . Good agreements were observed between predicted temperatures and documented temperatures as illustrated in Figure 2 . The predicted values are generally larger than their corresponding documented values because the documented values were calculated using heat partition equations (T AB = T r + η∆T SZ ; T int = T r + ∆T SZ + ψ∆T M ), in which the heat partition factors were assumed based on the performance of predicted forces. The heat partition factors were underestimated because (1) the documented forces in literature were smaller than the experimental forces [32] ; (2) The positive correlation between machining force and temperature has been reported in references [37, 38] . Table 3 . Predicted temperatures and other process variables in orthogonal machining of AISI 1045 steel. To investigate the influence of inputs on the accuracy of predicted temperatures in the proposed model, input cutting force and chip thickness in orthogonal cutting of AISI 1045 steel were varied up to ±30% and multiple sets of available J-C constants were used in the prediction under test 1 cutting condition. The deviation of predicted temperature was calculated as = ( − )/ , where is the documented temperature in the literature. The predicted temperatures with varying cutting force and varying chip thickness are illustrated in Figures 3 and 4 respectively. The minimum deviation for the temperature at PSZ ( ) was found at a global minimum location because it was determined when the difference between the shear flow stress ( ) and the shear flow stress ( ) is minimal. The minimum deviation for the temperature at SSZ ( ) was found at a local minimum location because it was determined by minimizing the difference between the shear flow stress ( ) To investigate the influence of inputs on the accuracy of predicted temperatures in the proposed model, input cutting force and chip thickness in orthogonal cutting of AISI 1045 steel were varied up to ±30% and multiple sets of available J-C constants were used in the prediction under test 1 cutting condition. The deviation of predicted temperature was calculated as D = abs T − T re f /T re f , where T re f is the documented temperature in the literature. The predicted temperatures with varying cutting force and varying chip thickness are illustrated in Figures 3 and 4 respectively. The minimum deviation for the temperature at PSZ (T AB ) was found at a global minimum location because it was determined when the difference between the shear flow stress (k AB ) and the shear flow stress (k AB ) is minimal. The minimum deviation for the temperature at SSZ (T int ) was found at a local minimum location because it was determined by minimizing the difference between the shear flow stress (τ int ) and the shear flow stress (k int ) and minimizing cutting force (F c ). The average temperature at the PSZ (T AB ) is more susceptible to the variation of input force and chip thickness than the average temperature at the SSZ (T int ). The variation of cutting force and the variation of chip thickness affected the predicted T AB in a similar parabolic trend. The variation of cutting force and the variation of chip thickness affect the predicted T int in a similar decreasing trend. The predicted temperatures and other variables with varying cutting force and chip thickness in machining AISI 1045 steel are given in Tables A1 and A2 and the shear flow stress ( ) and minimizing cutting force ( ). The average temperature at the PSZ ( ) is more susceptible to the variation of input force and chip thickness than the average temperature at the SSZ ( ). The variation of cutting force and the variation of chip thickness affected the predicted in a similar parabolic trend. The variation of cutting force and the variation of chip thickness affect the predicted in a similar decreasing trend. The predicted temperatures and other variables with varying cutting force and chip thickness in machining AISI 1045 steel are given in Tables A1 and A2 in Appendix A. As illustrated in Figure 5 , the predicted temperatures using J-C constants obtained from different approached were in a good agreement with documented values (Set 5) under test 1 cutting condition. The predicted temperatures and other variables with multiple sets of J-C constants are given in Table  A3 in Appendix A. and the shear flow stress ( ) and minimizing cutting force ( ). The average temperature at the PSZ ( ) is more susceptible to the variation of input force and chip thickness than the average temperature at the SSZ ( ). The variation of cutting force and the variation of chip thickness affected the predicted in a similar parabolic trend. The variation of cutting force and the variation of chip thickness affect the predicted in a similar decreasing trend. The predicted temperatures and other variables with varying cutting force and chip thickness in machining AISI 1045 steel are given in Tables A1 and A2 in Appendix A. As illustrated in Figure 5 , the predicted temperatures using J-C constants obtained from different approached were in a good agreement with documented values (Set 5) under test 1 cutting condition. The predicted temperatures and other variables with multiple sets of J-C constants are given in Table  A3 in Appendix A. As illustrated in Figure 5 , the predicted temperatures using J-C constants obtained from different approached were in a good agreement with documented values (Set 5) under test 1 cutting condition. The predicted temperatures and other variables with multiple sets of J-C constants are given in Table A3 in Appendix A. To investigate the capability of the presented model, the temperatures were predicted in orthogonal cutting of AISI 4340 steel using cutting tools with various specifications. The J-C model constants of AISI 4340 steel are given in Table 4 . The tool variants were designated as sharp edge (S), round edge (R), and flank land edge (F), coated sharp edge (SC) and coated round edge (RC) as given in Table 5 . The predicted temperatures were validated to the available experimental measurements adopted from literature [39] . The experimental average temperature and experimental maximum temperature at SSZ are as given in Table 6 . To investigate the capability of the presented model, the temperatures were predicted in orthogonal cutting of AISI 4340 steel using cutting tools with various specifications. The J-C model constants of AISI 4340 steel are given in Table 4 . The tool variants were designated as sharp edge (S), round edge (R), and flank land edge (F), coated sharp edge (SC) and coated round edge (RC) as given in Table 5 . The predicted temperatures were validated to the available experimental measurements adopted from literature [39] . The experimental average temperature and experimental maximum temperature at SSZ are as given in Table 6 . The predicted temperatures using uncoated cutting tools (S, R, F specifications) were validated to the experimental average temperature. Good agreements were observed upon validation as shown in Figure 6 . The deviations of predicted temperature were due to the deviations of input cutting forces and chip thickness due to the limitation of the measuring equipment and vibration in the machining process [30] [31] [32] . The positive correlation between the experimental maximum temperature and experimental average temperature has been reported in the literature. All predicted temperatures were compared to the experimental maximum temperatures. The predicted temperatures using coated cutting tools were smaller than those using uncoated cutting tools, which agreed well with experimental temperatures. Note: S, R, F, SC, RC denote sharp tool edge, round tool edge, flank land tool edge, coated sharp tool edge, and coated round tool edge respectively.
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The predicted temperatures using uncoated cutting tools (S, R, F specifications) were validated to the experimental average temperature. Good agreements were observed upon validation as shown in Figure 6 . The deviations of predicted temperature were due to the deviations of input cutting forces and chip thickness due to the limitation of the measuring equipment and vibration in the machining process [30] [31] [32] . The positive correlation between the experimental maximum temperature and experimental average temperature has been reported in the literature. All predicted temperatures were compared to the experimental maximum temperatures. The predicted temperatures using coated cutting tools were smaller than those using uncoated cutting tools, which agreed well with experimental temperatures. The cutting tool specifications directly affect the cutting force and chip formation in the machining process. The cutting tool specification was considered by using experimental cutting force and chip thickness as inputs. The input of cutting force and chip thickness provided the presented model with promising accuracy in temperature prediction comparing to other models using perfectly sharp cutting tool assumption.
The advantages and limitations of the presented model were discussed with a comparison to other commonly used analytical models in machining temperature prediction. The chip formation model and the temperature model based upon two heat sources at PSZ and SSZ were discussed for comparison purpose. The inputs, output, assumptions, and limitation of three temperature models are summarized as in Table 7 . The presented temperature model has the least input requirements and the least number of assumptions. The presented model does not require workpiece materials properties that must be obtained from extensive materials property tests. The prediction of average temperatures at PSZ and SSZ were sufficient for future prediction of force and tool wear [41] . The The cutting tool specifications directly affect the cutting force and chip formation in the machining process. The cutting tool specification was considered by using experimental cutting force and chip thickness as inputs. The input of cutting force and chip thickness provided the presented model with promising accuracy in temperature prediction comparing to other models using perfectly sharp cutting tool assumption.
The advantages and limitations of the presented model were discussed with a comparison to other commonly used analytical models in machining temperature prediction. The chip formation model and the temperature model based upon two heat sources at PSZ and SSZ were discussed for comparison purpose. The inputs, output, assumptions, and limitation of three temperature models are summarized as in Table 7 . The presented temperature model has the least input requirements and the least number of assumptions. The presented model does not require workpiece materials properties that must be obtained from extensive materials property tests. The prediction of average temperatures at PSZ and SSZ were sufficient for future prediction of force and tool wear [41] . The assumption of the perfectly sharp cutting tool in the chip formation model significantly reduces the prediction accuracy in the machining process [33] . The temperature model considering two heat sources needs lengths of PSZ and SSZ as inputs, which are difficult to obtain from experiments because of the complex contact phenomena and restricted accessibility. Overall, the presented temperature model has demonstrated its effectiveness in the prediction of machining temperatures considering the prediction accuracy, capability and reliable and easily measurable inputs.
Conclusions
This work evaluates an original temperature prediction model based on J-C model and mechanics of the orthogonal cutting process. The average temperatures at PSZ and SSZ are predicted by minimizing the difference between calculated shear stresses using J-C model and calculated shear stresses using process mechanics. Temperatures were predicted in orthogonal machining of AISI 1045 steel and AISI 4340 steel and then validated to documented values in literature. (1) To investigate the influence of input J-C constants, cutting force, and chip thickness on the prediction accuracy, sensitivity analyses were performed with temperature predictions in machining of AISI 1045 steel. The larger deviations of inputs, the larger deviation of predicted temperatures. The average temperature at the PSZ (T AB ) is more susceptible to the variation of input force and chip thickness than the average temperature at the SSZ (T int ). J-C constants obtained from different approaches have negligible influence on the predicted temperatures with a comparison to the influence of varying input cutting force and chip thickness. (2) To investigate the capability of the presented model, machining temperatures were predicted in the orthogonal cutting of AISI 4340 steel using cutting tools with various specifications. The cutting tool specification directly affects the cutting force and chip thickness. The tool specification is considered by using cutting force and chip thickness as inputs. (3) Considering the least input requirements, the least number of assumptions and sufficient predictive capability, the presented temperature model can effectively predict machining temperatures.
Machining forces and tool wear can be further predicted with predicted temperatures. The applicability of the temperature model on a broader class of materials such as titanium alloy and nickel-based alloy can be investigated in the future.
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